Analytic expressions for contributions to the inelastic electron tunneling spectrum ͑IETS͒ from surface magnon scattering and magnetic impurity scattering are obtained. It is shown that surface magnon scattering alone does not lead to peaks in the IETS. The peaks at small bias often observed in the IETS of magnetic junctions are due to magnetic impurity scattering, in agreement with the traditional model for zero-bias anomaly. These impurity resonance peaks can sometimes split due to the impurities' magnetic coupling to the electrodes. Measurements of AlO and MgO barrier junctions yield excellent agreement to the theory. The experiment further shows that the magnetic impurities in MgO barriers are strongly coupled to the electrodes but those in AlO barriers are not magnetically coupled to the electrodes.
I. INTRODUCTION
Inelastic electron tunneling spectrum ͑IETS͒ is a powerful tool for probing the vibration modes in metal/insulator/metal tunnel junctions. 1, 2 The theoretical model based on the full nonequilibrium Green's-function formalism for IETS due to phonon scattering also has a long history. 3 In the field of tunnel magnetoresistance ͑TMR͒, 4-7 spin-dependent IETS measurements have been utilized to characterize the properties of magnetic tunnel junctions. [8] [9] [10] [11] [12] [13] [14] In such measurements, the low bias peaks in the spectrum of magnetic tunnel junctions are usually attributed to interface magnon scattering. 14 Interface magnon scattering is also believed to be the cause of the rapid reduction in TMR with an increasing bias. 15 Because the excitation of interface magnons is an unavoidable consequence of an applied bias voltage, it is generally believed that the decrease in the TMR with the bias is an intrinsic effect of ferromagnetic tunnel junctions. 14 On the other hand, the very sharp low bias peaks in the IETS of magnetic tunnel junctions closely resemble the derivative of the so-called zero-bias anomaly of nonmagnetic tunnel junctions, whose cause has been attributed to magnetic impurity scattering rather than magnon scattering. [16] [17] [18] Therefore it is natural to ask what is the relationship between interface magnon scattering and magnetic impurity scattering, and which mechanism is at play in magnetic tunnel junctions.
The situation in MgO-based magnetic tunnel junctions is complicated due to a wide variation in peak structures found in a typical junction. Experiments on MgO barrier tunnel junctions with different ferromagnetic top electrodes 19 and junctions with different electrode designs and different annealing temperatures 13 often show several peaks which are usually identified with the zero-bias anomaly, magnon excitation, and MgO-phonon excitation, respectively. Analyses of these peaks are often focused on their dependences on different electrodes materials or the annealing temperature or on the barrier condition. The interpretation of these data has remained mostly qualitative and ad hoc, in large part due to the ambiguities in the theoretical models.
In order to address these questions, in this paper we first recast the previous theoretical models [15] [16] [17] [18] of both magnon scattering and magnetic impurity scattering mechanisms in a more consistent form to facilitate comparison. We remove some of the unnecessary approximations and rewrite both models in closed analytic forms. We show that the two scattering effects yield very different IETS. Specifically, overturning previous theoretical prediction, 15 we show that interface magnon scattering does not yield sharp peaks in the second derivative of the I-V curves. At low temperatures it produces an IETS consisting of three flat plateaus with discontinuities at eV = Ϯ E c , where E c is the magnon activation energy. Magnetic impurity scattering produces a logarithm singularity in the conductance which corresponds to two very sharp peaks near zero bias in the IETS. We then perform a series of systematic measurements in several different types of magnetic tunnel junctions. Our measurements show that both types of scattering exist in all junctions. In particular, in the antiparallel configuration scattering is dominated by interface magnon scattering but magnetic impurity scattering is clearly visible in the IETS. For MgO-based junctions, the impurity scattering contribution is split into three resonances, indicating an antiferromagnetic exchange coupling to the magnetic electrodes. Surprisingly, there is no visible exchange splitting in the spectrum of AlO-based junctions. For magnon scattering, we compare the magnon activation energy E c of magnetic tunnel junctions with AlO and MgO barriers as a function of applied magnetic field. We find that for both types of junctions E c slightly increases with the applied magnetic field.
II. THEORY

A. Surface magnon scattering
The derivation in this section closely follows the original algebra in Ref. 15 , which derived an approximate expression for the surface magnon assisted tunneling current in a magnetic tunnel junction. An argument can be made that in an ideal magnetic tunnel junction, magnon scattering makes a significant contribution to the tunneling current when the moments of the two electrodes are antiparallel and the elastic tunneling current is nearly zero. In this case, most of the spin-flip scattering occurs on the surfaces of the two electrodes. Thus, although the original model of Ref. 15 was derived for both the P ͑when the moments of the two electrodes are aligned parallel to each other͒ and the AP ͑when the moments of the two electrodes are aligned antiparallel to each other͒ configurations, it is more appropriate and yields a more accurate comparison to the experiment for the AP configuration.
The contribution to the tunneling current due to coupling through surface magnons contains terms like ͑from left to right͒,
where L , R label the left ͑L͒ and right ͑R͒ electrodes, m , M label the minority ͑m͒ spin channel of the left electrode and the majority ͑M͒ spin channel of the right electrode, respectively, f is the Fermi distribution function, q is the dispersion of the surface magnons, and n q is the Bose-Einstein distribution function. The above equation is essentially the Fermi golden rule involving the transition of an electron from an initial state in the left electrode to a final state in the right electrode through the emission of a phonon. The electrode density of states factors and the tunneling matrix element are treated as constants of energy following Ref. 15 , and are combined into a single factor G mM . There are three other similar terms for the left to right current,
There are four corresponding terms for the right to left current,
All terms contain integrations over with the integrand having the form f͑1− f͒. This type of integration can be carried out explicitly using
Summing over all terms, we find
͑10͒
For two-dimensional surface magnons, we replace the sum over q by
where E c and E m are the lower and upper cutoffs for the magnon energy and N is the total number of the surface magnon modes. Taking the derivative of j with respect to eV and integrating by parts, we find
where we assumed E m ӷ kT. For a symmetric junction, we set
, and obtain
͑12͒
At zero temperature, this conductance does not have a logarithm singularity as in a typical zero-bias anomaly. Instead, the conductance is proportional to ͉eV͉ and has cusps at eV = Ϯ E c . The derivative of the conductance corresponds to the IETS. Differentiating Eq. ͑12͒, we find
͑13͒
This is plotted in Fig. 1 . The two steps at eV = E = Ϯ E c are clearly visible at low temperatures.
B. Magnetic impurity scattering
Several decades earlier, a mechanism for zero-bias anomaly was proposed based on the spin-flip scattering by magnet impurities in the tunnel junction. [16] [17] [18] The derivation was based on a perturbation expansion in terms of the tunneling Hamiltonian term. The zero-bias anomaly was found to be in the third-order term. Here we first summarize the result then find an analytic approximation to it to facilitate fitting to experiment. The conductance under zero magnetic field can be written as
where G 2 is the conductance due to the second-order tunneling process and can be viewed as a background conductance, and the G 3 F term is the third-order term that yields the zerobias anomaly. The function F͑x , T͒ is defined as
with the Fermi distribution function f͑E͒ =1/ ͓exp͑E / kT͒ +1͔ and the function
Here we have modified the definition compared to Ref. 18 by removing the density of states factor ͑E͒ which is assumed to be independent of the energy and is absorbed into G 3 . Reference 18 approximated F͑E , T͒ with −ln͓͑E + kT͒ / E 0 ͔. A more careful examination reveals that this becomes a poor approximation at high temperatures. In Fig. 2 we plot the result of numerical integration of Eq. ͑15͒. We find that for all E and T a good approximation for F͑E , T͒ is
͑17͒
This approximation yields the exact result at T =0,
with a logarithm singularity at E → 0, and an approximate temperature dependence at E = 0 that agrees accurately with the numerical result,
͑19͒
Under an applied magnetic field, H, the conductance Eq. ͑14͒ is split into three terms, corresponding to F͉͑eV͉ , T͒ and F͉͑eV͉ Ϯ⌬, T͒, respectively, where ⌬ = g B H is the Zeeman splitting, with B being the Bohr magneton and g the gyromagnetic ratio. Neglecting the temperature dependence of the magnetic moment of the impurities, the conductance is
F͉͑eV − ⌬͉,T͒ ͬ .
͑20͒
In a magnetic tunnel junction, the magnetic field experienced by the impurities is in fact the internal field due to the magnetic electrodes. In this case, ⌬ measures the exchange coupling strength between the impurities and the electrodes, and should be independent of the external field. Because of the logarithm singularity at zero bias, the derivative of F͉͑eV͉ , T͒ with respect to V is singular at V =0 as 1 / V at low temperatures. However, an individually measured spectrum is usually obtained with a small ac voltage on the order of 5 mV. This moves the IETS peaks a few millivolts away from zero bias. To account for this difference, instead of using the derivative of the conductance, d͑G magnon + G impurity ͒ / dV, we actually compare the experimental results with the finite difference derivative ␦͑G magnon + G impurity ͒ / ␦V, where ␦V is the amplitude of the ac voltage in the measurement.
III. EXPERIMENT
Magnetic tunnel junction films with either AlO or MgO barriers are deposited on the Si/ SiO 2 substrate using an ULVAC magnetron sputtering system with the structure Ta͑5͒/Ru͑20͒/Ta͑5͒/NiFe͑3͒/ IrMn͑12͒/CoFe͑2.5͒/ Ru͑0.85͒/ CoFeB͑3͒/Al͑1͒ϩoxide/CoFeB͑3͒/Ta͑5͒/Ru͑5͒ and Ta͑5͒/ Ru͑30͒ /Ta͑5͒/NiFe͑3͒/ IrMn͑12͒/CoFe͑2.5͒/Ru͑0.85͒/ CoFeB͑3͒/MgO͑2.5͒/CoFeB͑3͒/Ta͑5͒/Ru͑5͒ ͑unit in nm͒, respectively. Film deposition is carried out from a base pressure below 5 ϫ 10 −7 Pa and an Ar plasma sputtering pressure of 0.07 Pa. The MgO barrier layer is deposited using a MgO target by rf power. The AlO barrier layer is made by inductively coupled plasma oxidation of an Al layer at a pressure of 1.0 Pa in a separate chamber. The entire magnetic tunnel junction multilayer film is deposited without breaking the vacuum. The continuous multilayered samples are patterned to form small elliptical junctions using contact optical lithography and Ar ion-beam etching. 20 After preparation, junctions were annealed at an appropriate temperatures under 1 kOe magnetic field for 1 h. For AlO-based junctions, the annealing temperature is 265°C. For MgO-based junctions, the annealing temperature is 375°C. The magnetic transport properties of the junctions are measured using a physical properties measurement system and a four-probe dc method.
Overall 
IV. RESULTS AND DISCUSSION
In Figs. 3͑a͒ and 3͑b͒ we show the measured IETS of CoFeB/MgO/CoFeB ͑blue solid dots͒ in the P and the AP configurations at 2 K. We fit the measured spectra by ␦͑G magnon + G impurity ͒ / ␦V as a function of bias voltage at the fixed temperature. The measured spectra have a double-peak feature on both sides of the zero bias. This is captured by the fitted curves with an effective magnetic splitting of ⌬ = 49 meV in the magnetic impurity scattering contribution. Such a large value of ⌬ cannot be the Zeeman splitting due to the external magnetic field ͑the applied magnetic field for the AP configuration is zero͒. Instead, it arises from the impurity coupling to the ferromagnetic electrodes through exchange interaction. The interface magnon contribution is positive for the AP configuration but appears to be negative for the P configuration. The fact that the magnon contributions in the two cases are opposite in sign is consistent with the picture that magnon scattering increases the tunneling current for the AP configuration but decreases the current for the P configuration.
To demonstrate the validity of the fit, we use the fitted parameters from Fig. 3 , which are all fitted from data at T = 2 K, and apply the formula to other temperatures. The curves are plotted in Fig. 4 along with the experimental data. Good agreement with the measured data is seen over the entire temperature range without any additional fitting. Such a good fit for all temperatures suggests that the temperature dependence of the IETS arises almost entirely from the temperature dependences of magnon and magnetic impurity scattering. The temperature dependence of the experimental IETS consistent with the prediction of theory provide additional support of the interpretation that the double-peak feature near 50 meV is due to the exchange coupling split of the magnetic impurities in MgO samples.
The IETS of the CoFeB/AlO/CoFeB junction at 2 K is shown in Figs. 3͑c͒ and 3͑d͒ . Here the major difference from the MgO barrier sample is the absence of the double-peak feature for both the AP and the P configurations. Consequently, we find the fitted ⌬ = 0.005 meV which is zero within the experimental error. This suggests that in the AlO barrier the magnetic impurities are not coupled magnetically to the electrodes at all. The interface magnon contribution is similar to the MgO-based junction, positive for AP but negative for P. The spectra at different temperatures are also shown in Fig. 5 , comparing to the fitted curves using the parameters fitted with T = 2 K in Figs. 3͑c͒ and 3͑d͒.
All other samples show similar IETS as the two samples reported here. The average of the fitted E c and ⌬ for all Al-O-based samples are E c = 0.065Ϯ 0.005 eV, ⌬ = 0.010Ϯ 0.005 eV, and for all MgO-based samples are E c = 0.10Ϯ 0.015 eV and ⌬ = 0.05Ϯ 0.01 eV, respectively. The IETS for all samples change very little with respect to the applied magnetic field up to 11 T. In Fig. 6 we plot the fitted parameters, E c and ⌬, as a function of the applied magnetic field. The magnon activation energy E c slightly increases with the increased magnetic field for both the MgO junction and the AlO junction. The slopes of the linear fits are 8.54 ϫ 10 −4 eV/ T for the MgO junction and 4.5ϫ 10 −4 eV/ T for the AlO junction, respectively. These values are about ten times the Bohr magneton B = 5.8ϫ 10 −5 eV/ T. The exchange splittings ⌬ for the MgO sample and the AlO sample are 49 meV and 0 meV, respectively, and show no detectable dependence on the magnetic field for both samples.
V. CONCLUSION
From the analytic solution of the magnon scattering model we find that surface magnon scattering alone does not give rise to sharp peaks in the IETS. Instead, it shows three plateaus with jumps at bias voltages ϮE c / e. The sharp peaks in the IETS are most likely due to scattering by magnetic impurities inside the barrier layer. This conclusion returns to the traditional view [16] [17] [18] that the zero-bias anomaly is caused by magnetic impurity scattering. The predicted bias voltage dependence of the IETS and the temperature dependence are in good agreement with measurements of MgO-based and AlO-based magnetic tunnel junctions.
Finally, the conclusion most relevant for improving magnetic tunnel junction qualities is the observation from our measurements and the fits to the theory that the magnetic impurities inside a MgO layer have a relatively strong magnetic coupling to the electrodes, whereas those inside an AlO layer are not coupled magnetically to the electrodes at all. Because magnetic impurities strongly coupled to the electrodes tend to contribute less to spin-flip scattering, this may be part of the reason that MgO-based junctions can show larger TMR than AlO-based junctions. This result provides a clue for future studies to identify the types of magnetic impurities within the barrier layer in order to reduce or even eliminate such impurities in the fabrication process. 
